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The  U.S.  Army  carries  on  construction  projects  in  localities  such  as  Alaska,  the  northern  tier  of  the  United  States, 
northern  Europe,  Greenland  and  other  arctic  sites  where  the  concrete  placing  season  is  shortened  considerably  by  the 
cold  climate.  At  ambient  temperatures  below  5(/f,  concreting  operations  become  considerably  more  expensive  since 
U.S.  Army  Corps  of  Engineers  specifications  require  freshly  mixed  and  placed  concrete  to  be  protected  from  ambient 
temperatures.  This  report  covers  part  of  an  investigation  to  locate  and^valuate  existing  and  new  cementing  materials 
that  allow  concrete  to  be  placed  at  ambient  temperatures  as  low  as  1 5  F.  A  newly  developed  cement  termed 
■^egulated-set’^cement,  which  is  an  accelerated  set  cement,  appeared  to  have  great  promise  and  was  selected  for  study 
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gain  was  exhibited  by  specimens  exposed  at  1 5'^immediately  after  casting.  Specimens  protected  one  hour  before 
exposure  exhibited  almost  as  rrtuch  strength  at  28  days  age  as  specimens  cured  at  for  the  full  time.  (2;)  The 
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PREFACE 

The  work  deseiibcd  in  tliis  report  was  conducted  at  the  D.S.  Army  Idtgincer  Waterways  I  xperi- 
nient  Station  (W1  S),  Vicksburg,  Mississippi,  under  the  direction  of  B.  Mather,  Chiet,  Concrete 
Laboratory,  J.M.  Polatty,  Chief,  iingineer  and  Meclianics  Division,  (i.C.  Jloj'f,  Chief,  Materials 
and  Properties  Branch,  H.C.  Roshore,  Assistant  Chief,  Materials  and  Properties  Branch,  and  B.J. 
Houston,  Assistant  Chief,  Materials  and  Properties  Branch.  This  project  was  performed  at  the  re- 
ipiest  of  the  U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory  (USA  CRREL)  under 
the  general  guidance  of  Francis  Sayles,  Research  Civil  Engineer,  Northern  linginecring  Research 
Branch,  I  xperiniental  l.ngineering  Division.  The  project  was  authori/ed  by  Inter-Army  Order  Nos. 
CRRl  1.7.1-23(15  November  1972)  and  CRREL  74-17  (15  November  1973).  This  report  was 
prepared  by  B.J.  Houston  and  O.C.  Hoff.  Technical  reviewers  were  Frederick  li.  Crory  of  USA 
CRRI  L  and  Francis  Sayles. 

The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  or  promotional  pur¬ 
poses.  Citation  ol  trade  names  docs  not  constitute  an  official  endorsement  or  approval  of  the  use 
of  such  coniincrcial  products. 
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CONVERSION  FACTORS.  ENGLISH  TO  SI  UNITS 


Multiply 

By 

To  obtain 

inches 

2.54 

centimeters 

feci 

0.3048 

meters 

square  leel 

0.092‘)03 

square  meters 

pounds 

0.45359237 

kilograms 

cubic  yards 
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Fahrenheil  degrees 

5/9 

Celsius  degrees  or  Kelvins* 

(xninds  per  cubic  yard 
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kilograms  per  cubic  meter 

pounds  (force)  per  square  inch 

0.00689476 

megapascals 

*  To  obtain  Celsiuf  (C)  lamperatur*  readlngi  from  Fahranheit  (F)  reidin|i,  lue  the  following  formula: 
=  (S/9MF  -  32).  To  obtain  Kelvin  (K)raadingi,  uaa:  K  =  {5/9)(F  -  32)  +  273.1$. 
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COLD  WEATHER  CONSTRUCTION  MATERIALS 
PART  I .  REGULATED-SET  CEMENT  FOR  COLD  WEATHER  CONCRETING 

by 

B.J.  Houston  ani  G.C.  Hoff 

INTRODUCTION 

Tlic  U.S.  Army  carries  on  construction  projects  in  many  localities  of  varying  climatic  conditions. 

In  many  areas,  the  construction  season  is  shortened  considerably  by  unseasonal  periods  ot  cold 
weather  in  the  spring  or  fall.  The  problems  and  proposed  solutions  associated  with  the  mixing, 
placing,  and  curing  of  concrete  in  cold  weather  are  well-known  and  documented,*  but  a  permanent, 
universal  solution  has  not  been  found,  '..i  arctic  and  subarctic  areas,  concreting  must  frequently  be 
done  at  temperatures  near  and  below  freezing.  Even  in  the  Arctic,  the  placing  of  concrete  at  temp¬ 
eratures  below  is  generally  not  practicable  except  for  small  projects  or  for  extremely  large- 
scale  operations  with  sizable  plants.  Concrete  can  thus  be  placed  only  during  a  short  work  season 
averaging  one  to  two  months  in  the  Arctic  and  two  to  three  months  in  most  subarctic  areas  without 
protection  against  freezing.’  The  minimum  practicable  temperature  limit  for  concreting  as  viewed 
by  various  countries  with  long  periods  of  cold  weather  varies  from  23°F'  in  Denmark  to  -4“F  in 
Sweden." 

Problem  definition 

S<imc  of  the  principal  problems  associated  with  winter  concreting  are  protecting  the  freshly  mixed 
coitcrete  from  Ireezingand  providing  a  curing  environment  crmducivc  to  the  development  of  suffici¬ 
ent  strength  in  the  concrete  so  that  subserprent  freeziitg  and  thawing  will  not  damage  it.  If  the  con¬ 
crete  is  kept  sulTiciently  want)  (above  J2°F)  so  that  it  docs  not  freeze  when  made  and  placed,  it  will 
continue  to  develop  strength  with  a  rate  of  strength  gain  depending  on  the  temperature  at  which  it 
is  cured.  Hut  nraintainiitg  above-freezing  temixrratures  can  present  another  problem.  Concrete 
placed  on  permafrost  but  kept  at  temperatures  greater  than  32°F  can  cause  melting  of  the  underlying 
permafrost.  Possible  damage  to  the  structure  or  element  made  with  the  concrete  can  thus  occur,  due 
to  ditlerential  ground  movements  associated  with  the  permafrost  thawing. 

A  simultaneous  solution  to  both  the  problems  of  concrete  protection  and  permafrost  protection 
is  then  not  possible  if  hydraulic  cements  (those  requiring  water)  as  they  presently  exist  today  are 
used,  and  if  the  structures  or  elements  made  with  the  crrncrete  are  in  direct  contact  with  the 
permafrost. 

Objectives  a  id  scope 

The  overall  objective  of  the  Cold  Weather  Construction  Materials  Project  at  USA  WES  is  the 
evaluation  of  existing  and  new  binder  materials  which  can  be  used  in  concrete  and  concrete-like 
composites  in  cold  weather  environments.  These  materials  should  be  able  to  be  placed  in  the  field 
at  temperatures  as  low  as  15°F,  and  require  a  minimum  of  attention  after  placenrent.  The  specific 
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topic  of  this  report  is  the  evaluation  of  regulated-set  cement  js  a  binder  in  concrete  when  the  con¬ 
crete  is  placed  at  low  temperatures.  This  report  includes  a  review  of  the  cold  weather  protection 
criteria  for  portland  cement  concrete,  a  detailed  description  of  the  regulated-:  :  cement  used  in  this 
study,  and  the  experimental  work  completed  thus  far  in  the  project. 

Tire  experimental  work  described  in  this  report  was  accomplished  in  two  phases.  Phase  I  (mortar 
phase)  involved  the  evaluation  of  41  mortar  mixtures  made  at  a  number  of  different  water/cement 
ratios  and  containing  type  III  and  regulated-set  cements  plus  four  different  admixtures.  The  mate¬ 
rials  were  at  different  temperatures  when  batched,  were  mixed  at  three  different  temperatures,  and 
were  cured  at  two  different  temperatures.  From  evaluations  of  compressive  strength  and  workability, 
one  mixture  was  chosen  as  a  suitable  matrix  for  cold  weather  concrete. 

Phase  II  (concrete  phase)  involved  the  development  of  a  regulated-set  cement  concrete  mixture 
for  use  at  1  S^F.  The  mixture  was  evaluated  for  strength  after  immediate  and  delayed  freezing  and 
for  the  effect  of  section  thickness  on  heat  development  and  concrete  strength. 


COLD  WEATHER  PROTECTION  REVIEW 

The  principal  problem  in  cold  weather  protection  consists  of  preventing  loss  of  heat  from  con¬ 
crete  placed  at  a  safe  initial  temperature  and  supplying  any  additional  heat  necessary  for  continued 
curing  and  strength  development.  If  fresh  concrete  is  frozen  while  there  is  considerable  free  water 
in  the  mixture,  and  the  paste,  as  it  goes  from  its  liquid  to  solid  phase,  has  not  attained  sufficient 
strength  to  resist  the  expansive  forces  associated  with  an  increase  in  volume  of  the  water,  the  internal 
structure  of  the  concrete  can  be  disrupted  with  corresponding  decreases  in  strength.  The  28-day 
compressive  strength  of  concrete  which  has  been  frozen  may  be  reduced  to  30  to  50^'  of  the  strength 
of  concrete  which  has  no’t  been  frozen.” 

How  long  should  the  concrete  be  protected  from  freezing?  The  duration  of  protection  required 
to  develop  strength  will  vary  with  the  conditions  under  which  the  concrete  is  made  and  placed  and 
also  with  the  degree  of  structural  safety  that  is  required.  The  degree  of  saturation  of  freshly  placed 
concrete  which  has  no  access  to  an  external  source  of  water  will  be  reduced  as  the  concrete  hardens 
and  water  is  used  in  the  hydration  process.  Under  such  conditions,  the  time  at  which  the  degree  of 
saturation  becomes  reduced  below  the  level  which  would  cause  damage  by  freezing  has  been  linked 
to  both  “critical  age”  and  “critical  strength.” 

Critical  (minimum)  strengths,  which  should  be  developed  before  freezing  is  allowed,  have  been  re¬ 
ported  as:  3S0  to  640  psi  in  Sweden,*  1000  to  1500  psi  in  Canada,”  700  to  1280  psi  in  the  Soviet 
Union,*  SOO  psi  in  the  United  States,'  850  psi  in  Japan,”  and  2100  psi  in  Switzerland.*  Critical 
(minimum)  ages  have  varied  from  8  to  48  hours.  It  has  been  suggested  that  the  critical  age  concept 
is  more  valid  than  critical  strength.”  The  absolute  strength  of  concrete  at  the  moment  of  freezing 
was  found  in  this  study  to  be  not  as  important  as  the  extent  of  cement  hydration  that  has  occurred 
and  the  amount  of  freezable  water  remaining  in  the  concrete.  Strength  determinations  arc  simpler 
to  make,  however,  and  the  critical  strength  concept  is  widely  used.  Most  well-proportioned  con¬ 
cretes  reach  500  psi  during  the  second  day  when  cured  at  50*’F.  Non-air-entrained  concrete  made 
with  type  I  cement  at  a  water /cement  ratio  of  0.57  has  been  shown  to  withstand  one  cycle  of  freez¬ 
ing  after  about  1 8  hours  of  aging.” 

The  recommended  times  for  protection  from  freezing  vary  somewhat.  The  American  Concrete 
Institute's  “Recommended  Practice  for  Cold  Weather  Concreting  (ACI-306-66)”''  states  that  in  the 
fall,  from  the  time  of  the  First  frost  until  the  mean  daily  temperature  falls  below  40°F  for  more  than 
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Table  I.  Times  of  protection  recommended  at  minimum 
specified  temperatures. 


S:  rvice  catenttry 

Type  1 
or  It 
cemen  I 

Time  of  protection  recommended,  days 
For  durability  only 

Type  III,  Type  1 

accelerator  or  or  II 

extra  sack  cement  cement 

Type  III. 
accelerator  or 
extra  sack  cement 

No  It  aJ,  no  exposure 

2 

1 

2 

1 

No  l(  ad,  exposed 

3 

2 

3 

2 

Partial  load,  exposed 

3 

2 

6 

4 

'^'ull  load,  exposed 

3 

2 

(See  reference  1  and  App.) 

one  day  in  a  row.  all  concrete  should  be  protected  from  freezing  for  at  least  the  first  24  hours  after 
it  is  placed.  During  colder  weather,  when  mean  daily  temperatures  are  generally  below  40°F,  con¬ 
crete  should  he  placed  at  temperatures  not  lower  than  the  following: 

Type  of  structure 

Minimum  temperature,  °F 

Very  thin  sections 

55 

Thin  sections 

50 

Moderately  massive  sections 

45 

Massive  sections 

40 

These  concrete  temperatures  should  be  maintained  for  the  time  periods  given  in  Table  I. 

The  Kil  l  M  (Reunion  Internationale  des  Laboratoircs  d’Essais  et  de  Recherches  sur  les  Matdriaux 
et  les  Constructions)  Recommendations  for  Winter  Concreting,'^  which  is  often  used  as  the  basis  for 
1  uropean  specifications,  states  that  the  necessary  prehardening  times  for  standard  cements  are: 

Necessary  time,  days  Concrete  lempcralure.  °F 

'A  to  2  6« 

to  3  54 

lto4  41 

The  minimum  time  periods  recommended  by  RILEM  refer  to  a  water/cement  ratio  of  0.4,  and  the 
higher  figures  represent  a  water/cement  ratio  of  0.8.  A  review"  of  cold  weather  recommended 
practices  for  Belgium,  Denmark,  Germany,  Sweden,  and  the  United  Kingdom  found  that  the 
RlLliM  recommendations  were  more  cautious  than  the  recommended  or  prescribed  practices  in 
most  of  these  countries.  Al*',ough  the  practices  varied  from  country  to  country,  ail  were  in  accord 
that  special  precautions  must  be  introduced  when  ambient  temperatures  fall  to  40°F  or  below. 

The  cold  weather  concreting  requirements  of  the  Canadian  Standards  Association  are  contained 
in  eSA  Standard  A  23.1 ,  1973.^  CSA  Standard  A  23.1  states  that  when  the  air  temperature  is  at  or 
below  40°F,  or  when  there  is  a  probability  of  it  falling  to  that  limit  within  24  hours  of  placing,  the 
temperature  of  the  concrete  in  place  shall  be  within  the  following  limits  for  the  indicated  classes  of 
concrete: 
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Lx;ast  dimension 

Minimum  temperature  of 

of  section 

concrete  as  placed,  °F 

Less  than  12  in. 

55 

1 2  to  36  in. 

50 

37  to  ?■»  in. 

45 

(ireater  than  72  in. 

40 

These  tetnperalures  correspond  to  lliose  of  ACI  306-66  but  (he  thickness  of  concrete  is  better  de¬ 
fined  in  the  CSA  Standard.  The  ('SA  Standard  specifics  that  effective  means  shall  be  provided  for 
maintaining  the  temperature  of  (he  concrete  in  place  above  the  niinimum  limits  (shown  above)  until 
sufficient  hydration  rrccurs  to  protect  the  concrete  from  frost  damage.  The  degree  of  hydration 
will  have  been  attained  when  (he  concrete  reaches  a  compressive  strength  of  1000-1 500  psi. 

The  principal  guidance  for  cold  weather  concreting  provided  by  the  Corps  of  lingineers  is  con¬ 
tained  in  five  documents.^  ’  ’  Tliree  are  guide  specifications*’’  and  give  specific  limits.  These 
limits  are  summarized  in  Table  II.  The  recommendations  for  arctic  concrete  when  temperatures 
are  less  than  40“F  are  contained  in  ,  Arctic  Construe! ian ^  and  ace  summarized  in  Table 

III. 

Table  III  points  out  that  in  cold  weather  concreting  situations,  the  concrete  materials  must  be  of 
such  temperatures  that,  when  properly  proportioned,  the  resulting  concrete  will  have  a  temperature 
sufficiently  high  for  the  hydration  of  the  cement  to  begin.  Once  it  starts,  it  must  be  sustained  for 

periods  long  enough  for  the  concrete  to  develop  sufficient  strength  (or  degree  of  hydration)  so  that 

freezing  will  not  damage  the  concrete.  Tlie  usual  methods  to  accomplish  this  can  be  summarized  as 
follows;*  ” 

A.  Treatment  of  the  materials 

1 .  Heating  of  the  materials 

2.  Heating  (usually  electrical)  of  the  freshly  placed  concrete 

3.  Use  of  cement  with  high  heat  development 

4.  Use  of  chemical  admixtures  which  either  accelerate  the  reaction  of  the  cement  or  depress 
the  freezing  point  of  the  water  in  the  concrete. 

B.  Methods  to  prevent  heat  losses 

1.  Insulating  covering 

2.  Heating 

Considering  the  economics  of  winter  concreting,  the  least  expensive  method  would  be  one  that 
required  the  least  manpower,  time,  and  equipment.  Of  the  above  methods,  A3  and  A4  would  come 
the  closest  to  satisfying  these  criteria.  But,  as  can  be  seen  from  the  requirements  for  arctic  concrete 
in  Table  III.  even  the  use  of  type  III  high  early  strength  cement,  rapid  hardening  alumina  cement,  or 
an  accelerating  admixture  with  calcium  chloride  (CaClj)  does  not  eliminate  the  requirement  for  pro¬ 
tection  after  placenient,  although  the  times  of  required  protection  are  greatly  reduced.  Ideally,  a 
cement  which  gains  strength  very  rapidly,  as  well  as  producing  quantities  of  heat  sufficient  to  pro¬ 
tect  the  concrete  from  freezing,  would  reduce  the  cost  of  winter  concreting  and  possibly  extend  the 
winter  concreting  season  for  a  few  more  months.  The  experimental  work  contained  in  this  report 
is  an  examination  of  a  cement,  called  regulated-set  cement,  which  appears  to  have  great  promise  in 
satisfying  these  criteria. 
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Table  II.  Summary  of  U.S.  Army  Corps  of  Engineers  guide  specifications 
for  nonarctic  concrete  construction. 


Tvpc  of 
siH’cificauon 

SUmmum 
temperaturr 
iif  amcrete 
as  placed,  ^  h' 

hUnimuPti 
pemperature 
recommended 
for  protection, 

rime  <>/ 
protection 
ret  ommetnjej 

O  806. Ot ,  concrete 
puvenient  for  roads 
and  airfields  (mili¬ 
tary)' 

50  85 

so 

3  days,  then  above  freezing  for  remainder  of 
specified  curing  period 

(  h  204.  concrete 
for  building  con¬ 
struction  (mili¬ 
tary)* 

SO 

so 

3  days  uhen  made  with  types  III  and  IIIA 
cement:  7  days  when  made  with  types  1.  lA 

II  and  IIA  cement:  10  days  when  made  with 
types  IS,  IS-A,  S,  SA  or  N  cements  or  with 
blends  containing  por/olana,  natural  cement 
or  slag  cement 

O  1401.01,  concrete 
for  civil  vAorks  con* 
slruction^ 

40 

SO 

(minimum  dimen¬ 
sion  of  section 
<  12  in.) 

Same  as  for  C'K  806.01 

40 

40 

(minimum  dimen¬ 
sion  of  section 
•  12  in.) 

Same  as  for  C'K  806.01 

I  vpe  ill 
constructton 

Table  III.  Guide  specifkaiions  fur  concrete  construction  given  in 

Department  of  tbe  Army  TM5-.W,  .^rcfic  Construction. 

Minimum  Minimum 

Anihicnt  tempi'mture  temperature  lime  of 

temperature,  ofeonerete  recommenJetl  proteition 

I-  a.\  placed,  h'  jor  protection.  ' t  '  recinninende.l 

Ifitiporarv 

1  5 

60 

70  1  2 

(no  CaCi,  added) 

i6  hr 

(2%  Can,  added) 

4  hr 

(4%  Cal  l,  added) 

20 

70 

70  ,  2  hr 

(4%  Cal  l,  added) 

32 

70 

. - . -No  protection  required . 

40 

40 

No  protection  if  made  with  type  III  cement  and 
2%  Cal  l, 

fU'rmaneut 

with  normal 

cement 

with  type  111 
cement 

<40 

70  80 

70  3  days 

SO  5  days 

70  2  days 

50  3  days 

with  high- 
alumina  cement 

50-70 

SO  1  day 

Masiive 


<40 


70-80 


Nil  ptolrclion  required  unleu  ambieni  tempera- 
lures  <IS”F 
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Table  IV.  Total  heal  of  hydration  of  cement  type  at  70° F.” 


Total  l  umulative  heal  of  hydration  at 


7(fF  Ical/gj 


Cement  type 

Ate.  davs 

; 

3 

7 

2H 

W 

.M5 

1.  Normal 

61 

80 

96 

104 

109 

HI.  Rapid  hardening 

- 

7S 

92 

lot 

107 

IIS 

IV.  Low  heal 

- 

41 

SO 

66 

7S 

81 

ASTM  type  It 

- 

47 

61 

80 

88 

9S 

High-alumina'* 

8S 

86 

87 

1  10 

Regulated -ael* 

78 

109 

IIS 

118 

- 

- 

*  WKS  data. 


Regulated-set  cement,  often  called  simply  “reg-set,”  is  a  recent  development  of  the  Portland 
Cement  Association.  It  is  not  a  mixture  of  cements  or  an  admixture,  but  it  is  a  portland  cement 
with  some  new  ingredients  blended  in  the  kiln.  The  principal  difference  between  reg-set  and  ordin¬ 
ary  Portland  cement  is  that  regulated-set  cement  contains  a  new  ingredient,  calcium  fluoroaluminate, 
which  provides  very  high  early  strength.  Associated  with  the  development  of  this  high  early  strength 
is  the  liberation  of  large  quantities  of  heat.  This  heat,  a  by-product  of  the  reaction  of  the  cement 
and  water,  is  described  by  an  index  called  the  heat  of  hydration.  The  heat  of  hydration  is  expressed 
as  the  total  heat  liberated  per  gram  of  cement  up  to  any  specified  age.  A  comparison  of  some  average 
data  for  the  heats  of  hydration  of  different  types  of  cements  at  70°F  is  summarized  in  Table  IV.  For 
most  Portland  cements  the  temperature  at  which  hydration  takes  place  affects  the  rate  of  heat  devel¬ 
opment  as  shown  in  the  following  tabulation:'^ 


3-day  heat  of  by  dration  (cal/g) 
_ developed  at _ 


Cement  type 

40°F 

75°F 

90°  F 

I05°F 

1,  Normal 

37 

68 

74 

80 

III,  Rapid  hardening 

58 

83 

.85 

93 

IV,  Low  heat 

26 

47 

46 

51 

With  high-alumina  cements  the  curing  temperature  has  little  effect  on  the  total  heat  involved,  but 
the  rate  at  which  the  heat  is  liberated  in  the  early  stages  of  hydration  is  not  increased  with  a  rise  in 
curing  temperature,  as  is  the  case  with  portland  cement.'*  The  effects  of  curing  temperature  on  the 
rate  of  hydration  of  reg-set  cement  are  not  known  to  the  authors.  Other  factors  such  as  cement 
fineness  and  water  content  also  influence  the  amount  and  rate  at  which  heat  is  liberated.  As  can  be 
seen  above,  a  greater  amount  of  heat  is  liberated  at  early  ages  by  reg-set  cements  than  by  other 
cements. 

Initial  and  final  set  occur  very  soon  after  mixing  for  reg-set  mixtures,  thus  limiting  their  handling 
time  (“handling  time”  is  defined  as  the  maximum  time  before  the  concrete  must  be  placed  in  its 
final  position).  At  70°F,  regulated-set  concrete  has  a  controlled  handling  time  which  can  be  varied 
between  2  and  4S  minutes.  This  variation  can  be  regulated  when  the  cement  is  manufactured  by 
blending  different  proportions  of  the  early  strength  component  (calcium  fluoroaluminate)  and  also 
by  the  use  of  retarding  additivies  (such  as  citric  acid)  or  by  changing,  the  temperature  of  the  mixture. 
Further,  handling  time  is  increased  with  an  increase  in  the  water/cement  ratio,  lower  cement  content, 
and  continued  mixing. 
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At  70°F  and  without  additives,  regulated-set  concrete  will  develop  a  compressive  strength  of 
1000  psi  or  more  as  early  as  1  hours  after  mixing.  This  early  strength  is  directly  proportional  to 
the  percentage  of  calcium  iluoroaluminate  in  the  cement.  An  increased  percentage  of  this  high  early 
strength  component  causes  a  higher  early  strength  and  a  shorter  handling  time.  The  various  cement 
companies  which  have  manufactured  reg-set  cement  have  not,  however,  formulated  their  cement  to 
any  national  standard  hut  to  their  own  specifications.  Thus,  the  behavior  and  properties  of  reg-set 
cement  vary  according  to  its  source. 

Reg-set  cement  exhibits  a  rapid  gain  in  strength  within  one  or  two  hours  to  a  level  which  is  de¬ 
pendent  on  the  percentage  of  the  high  early  strength  component  in  the  ceioent.  The  strength  devel¬ 
opment  of  the  calcium  fluoroaluminate  is  then  nearly  complete,  and  little  or  no  strength  gain  occurs 
until  the  normal  silicate  hydration  becomes  effective  after  about  one  day.  The  long-term  strength, 
the  rate  of  gain  of  strength  after  one  day,  and  other  physical  properties  are  then  comparable  to  those 
of  completely  cured  concrete  made  with  type  I  and  type  III  cements. 

Tlie  relationship  of  strength  and  durability  to  water/cement  ratio  and  the  response  to  additives 
are  similar  in  both  reg-set  and  portland  cement;  however,  reg-set  cement  is  considerably  more  sensi¬ 
tive  to  variations  in  these  parameters.  Regulated-set  cement  is  particularly  sensitive  to  the  tempera¬ 
ture  of  the  mixture  and  to  certain  retarders  such  as  citric  acid.  The  sulfate  resistance  of  reg-set 
cement  is  reported  to  be  about  the  same  as  type  I  cement. 

Little  published  information  is  available  on  the  use  and  behavior  of  regulated-set  cement  concrete. 
The  work  described  in  this  report  explores  the  possibility  of  using  regulated-set  cei,  ent  in  cold 
weather  concreting  operations. 


PHASE  I:  MORTAR  PHASE 

The  work  conducted  m  the  mortar  phase  (Phase  I)  consisted  essentially  of  tests  using  mortar 
mixtures  as  a  basis  tor  judging  the  effectiveness  of  different  variables.  Forty-one  mortar  mixtures 
were  made  and  evaluated  for  workability  (by  visual  inspection)  and  for  compressive  strength.  The 
results  are  shown  in  Table  V.  The  compressive  strength  of  the  mortar  mixtures  was  used  as  an  indi¬ 
cator  to  determine  which  mixtures  and  methods  would  be  most  suitable  for  use  in  the  concrete 
mixture  phase  (Phase  11 )  of  the  program.  Mixtures  were  proportioned  to  contain  varying  water/ 
cement  ratios  and  a  constant  sand/cement  ratio  of  2.75  (by  weight),  except  for  mixtures  CW-1  and 
CW-2,  which  had  a  sand/cement  ratio  of  3.50. 

Both  type  111  and  reg-set  cement  were  tested  in  the  mortar  phase.  The  regulated-set  portland 
cement  had  a  time  of  set  of  approximately  10  minutes  when  the  mortar  temperature  was  73°F, 
while  the  time  of  set  ot  the  type  III  cement  at  73'’F  was  3  to  3)4  hours. 

Test  specimens  (2-in.  cubes)  were  made  from  each  of  the  41  mortar  mixtures  when  cured,  and 
the  strength  of  each  mixture  at  a  given  age  was  ascertained  by  compression  testing.  Two  cubes  were 
made  for  testing  at  each  age. 

The  mortar  tests  were  conducted  to  discover  the  most  promising  mixtures  which  could  then  be 
further  developed  in  the  concrete  phase  of  the  program.  This  approach  not  only  identified  the  most 
suitable  mixtures,  but  also  gave  insight  into  the  precautions  which  should  be  heeded  when  placing 
concrete  or  mortar  mixtures  at  low  temperatures.  Suitable  changes  were  made  in  the  mortar  mix¬ 
tures  and  one  of  them  was  selected  for  use  in  the  concrete  phase  of  the  program.  The  test  program 
of  Phase  I  is  summarized  in  Table  VI. 
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COLD  WEATHER  CONSTRUCTION  MATERIALS 


Table  VI.  Summary  of  test  program. 


Viriihles  invciti|ited  in  Phaie  I  were: 

A.  Watrr/crmrnt  ratio.  Four  watcr/cement  ralioi  were  uied. 

Watrr/cemrnI  ratio  Number  of  mix  tures  made 

0.6  8 
O.S  10 

0.45  IJ 

0.4  II 

B.  Type  of  cement  and  tand.  All  mixturet  contained  either  type  III  portUnJ  ceirent  or 
regulated-Mt  Portland  cement. 

Cement  Number  of  mixtures  made 

Type  III  3 

Reiulated  tel  38 

The  und  uted  wat  30-30  traded  Ottawa  tand. 

C.  Admlxturet  Two  relardcn,  one  alr-entraininf  admixture,  and  one  water<educin|  admix¬ 
ture  were  used  in  theac  teita  at  followt: 

_ Admixture _ Number  of  mixturet  made 


“Plaitimenl”  (water-reducing  retarder)  I 

Citric  acid  (retarder)  I 

“Air-In"  (air -entraining  admixture)  2 

“WRA”  (water-reducing  admixture)  24 

None  1 3 


D.  Sequence  of  adding  materials  to  mixer.  Two  lequencei  were  uted.  The  order  of  addition 
of  materialt  to  mixer  wat  either  water,  admixture,  cement  and  tand  (26  mixturet)  or 
water,  admixture,  tand  and  cement  (IS  mixturet). 

E.  Mixing  temperatures.  The  mortar  mixturet  were  mixed  at  IS‘F  (2  mixturet),  40°F'  (10 
mixturet),  or  73° F  (29  mixturet). 

F.  Type  of  molds  and  specimens.  Two  typea  of  molds  were  uted.  Two  mixturet  were  placed 

in  unlntulated  metal  moldt,and  the  remaining  39  mixturet  were  placed  In  intulated  (wooden) 
molda.  All  tpeciment  wnre  3-in.  cubes. 

C.  Temperature  of  materials.  The  temperature  of  the  maleritit  uted  (i.e.  water,  cement,  or 
sand)  wat  at  followt; 

1)  Wtter:  40°.  73°.  100°,  120°,  140°  or  I50°F. 

2)  Cement:  1 5°,  40°  or  73° F. 

3)  Send  (graded  Ottawa);  IS°or40°F. 

4)  Admixture:  73°F. 

H.  Curing  temperature.  All  mixtures  were  cured  at  either  1 5°  or  40°  F.  ThIrty-eeven  mix- 
luret  were  cured  at  1 5°  F,  and  four  mixturet  were  cured  at  40°  F.  Molds  were  equilibrated 
overnight  xt  the  proposed  curing  temperature  for  any  given  mixture  prior  to  ute. 

I.  Length  of  curing.  All  test  tpeciment  remained  In  the  molds  until  time  of  compretaion  test. 

Curing  ages  varied  from  6  hours  to  38  days.  Ail  froxen  tpeciment  were  thawed  at  73°  F  for 
as  minutes  prior  to  letting.  _ 


On  the  bans  of  the  mortar  mixturet  cut  in  the  mortar  phase,  mixture  CW-39  (tee  Table  V)  wu 
selected  as  the  most  promising  for  uk  in  the  concrete  phase.  Mixture  CW-39  had  sufficient  air  con¬ 
tent  to  be  workable  and  had  no  tendency  to  flash  set  during  molding,  as  had  occurred  in  to  many  of 
the  other  reg-aet  mixtures.  There  wu  alto  considerable  strength  development. 
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Table  VII.  Temperature,  mixing  proportions,  and  batching  sequence. 


Temperature 

of  ingredient  Mixture  proportions  Sequence  of 

(  F) _ (for  batch  of  six  2-  X  2-in.  cubes) . _ adding  to  mixer 


140 

Water 

2SOg 

1 

73 

WRA 

3.S  c’  (10.64  nuid  or 
per  cwt  of  cement) 

2 

IS 

Sand 

1375  g 

3 

40 

Cement 

SOOg 

4 

IS 

Insulated  wood  molds  (made  of 

3t-ln.  marine  plyboard) 

40 

Hddle  mixer 

- 

The  contents  of  mixture  CW-39  are  shown  as  foUows; 


Mixture  CW-39 


Cement; 

Sand: 

Admixture: 

Water: 


Regulated-set  portland  cement 
Graded  Ottawa  sand 
“WRA”  water-reducing  admixture 
Demineralized  water 


Sand/cement  ratio:  2.75  (by  weight) 
Water/cement  ratio;  0.50  (by  weight) 


The  temperature  of  ingredients  at  batching,  the  mixture  proportions,  and  batching  sequence  of  mix¬ 
ture  CW-39  are  summarized  in  Table  VII. 

Six  cubes  of  mixture  CW-39  were  cast  Into  molds  at  I  for  one  day.  Two  of  the  cubes  were 
then  tested  for  compressive  strength  after  being  allowed  to  stand  and  thaw  at  73‘’F  for  45  minutes 
before  testing.  The  remaining  four  cubes  were  moist  cured  at  73'F  for  two  to  seven  days.  The  re¬ 
sults  were: 


Average  compressive  strength,  psi 
3  days  7  days 

1315  2350 

The  results  of  th  ;  mortar  phase  are  summarized  in  Table  Vlll. 


Table  Vlll.  Rcaulta  of  Fluse  I  (mortar  phase). 

A.  H'ater/cement  ratio.  As  the  walar/canimt  ritiot  incrtiMd  the  compreMive  itrength  dc- 
cresMd.  This  is  to  be  expected  in  normal  mortars  but  it  perhaps  more  pronounced  when 
the  mortars  are  exposed  to  frecxing  temperatures  during  curing,  at  thera  Is  more  water 
tvatitble  for  frecxing. 

B.  Type  of  cement.  Regulatcd-ect  cement  gained  more  strength  when  exposed  to  a  I S**  F 
temperature  during  curing  than  did  type  III  high  early  strength  portUnd  cement.  This  is 
due  principally  to  the  rapid  act  and  strength  development  of  the  reg-ect  cement  plus  the 
extra  heat  liberated  which  sustains  the  strength  deveiopAient  longer. 

C.  Admixtures. 

I.  Time  of  set  retarder.  Citric  acid  appeareJ  to  be  more  effective  in  retarding  the 
aattlng  lima  of  reg-aci  cement  than  ptaitlmenl. 
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Table  VIII  (Cont'd).  Results  of  Phase  I  (mortar  phase). 

2.  Air-rntraining  admixture.  This  appears  to  be  of  .iome  benefit  in  producing 
strength  gain  in  reg-set  cement  mortars  cured  at  I  S°  K.  This  is  to  be  expected  as 
air  entrainment  it  known  to  reduce  freezing  damage  in  concrete. 

3.  Water-reducing  admixture.  This  appears  to  be  slif.htly  more  effective  than  an 
air  .entraining  admixture  in  producing  strength  grin,  as  this  material  reduces  the 
water  requirement  which  benefits  strength  devel  ipment  as  well  as  reduces  the 
amount  of  freezable  water  in  the  concrete. 

I).  Sequence  of  adding  materials  to  mixer.  Regulated-set  cement  should  be  added  in  the 
mixer  as  the  last  ingredient.  This  sllows  a  little  more  working  lime  before  stiffening 
begins. 

E.  Mixing  and  curing  temperatures.  Lower  temperatures  produced  lower  compressive 
strengths.  If  mixing  water  and/or  cement  and  sand  were  at  elevated  temperatures  prior 
to  mixing  and  exposure  at  I  S^K,  hydration  would  begin  sooner  and  sustain  itself  longer 
by  internal  heat  production  with  resulting  higher  strengths. 

f  .  Type  of  molds.  The  mure  insulation  a  mold  provides,  the  less  heat  escapes  into  the 
cooler  air  and  the  longer  the  hydration  reaction  is  sustained. _ 


PHASE  II:  CONCRETE  PHASE 


Effect  of  lime  of  freezing 

Mixture  No.  CW-.19,  developed  in  the  mortar  phase,  was  selected  as  the  mixture  for  use  as  a  guide 
in  designing  a  basic  concrete  mixture  for  the  concrete  phase.  The  designed  concrete  mixture  con¬ 
tained  regulated-set  cement,  'i-in.  maximum-size  limestone  coarse  aggregate,  and  limestone  sand. 
Saturated-surface  dry  batch  weights  were  as  follows: 

Saturated-surface  dry 
Material  _  hatch  weights,  lb 


Cement 

152.5 

Fine  aggregate 

.385.9 

Coarse  aggregate 

565.7 

Water 

80.8 

The  mixture  contained  an  actual  cement  factor  of  500  Ib/yd^,  a  water/cement  ratio  of  0.53,  and  an 
entrained  air  content  of  8.5%,  and  it  produced  a  slump  of  2'/i  in.  All  materials  and  molds  were 
stored  at  35°F  until  immediately  prior  to  mixing.  Mixing  and  molding  were  done  at  73°  ±2°1-.  The 
cement  was  introduced  into  the  mixer  as  the  last  step  in  the  charging  process,  and  the  concrete  mixed 
for  I  Vi  minutes. 

Ten  6-  X  6-  X  36-in.-long  concrete  beams  were  cast  from  the  above  mixture.  The  beams  were 
later  sawed  into  five  6-  x  6-  x  6-in.  cubes.  The  beams  were  exposed  to  temperatures  as  follows: 

1 .  Two  beams  (10  cubes)  were  exposed  at  70°  ±3°F  and  90  to  100%.  relative  humidity  immedi¬ 
ately  after  casting. 

2.  Two  beams  (10  cubes)  were  exposed  at  I5°F  immediately  after  casting.  The  beams  were 
covered  with  damp  burlap  until  placed  at  I5°F. 

3.  Two  beams  (10  cubes)  were  exposed  at  1 5*F  I  hour  after  casting.  The  beams  were  covered 
at  in  2  above  until  placed  at  1 5°F. 
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Curve 

T.mpCF) 

Time 

A 

70*3 

— 

B 

IS 

24  hrt 

c 

IS 

3  hrt 

0 

IS 

1  hr 

I.E 

IS 

immedmltly 

E'igure  1.  Ejfeci  of  age  of  specimens  when  exposed  to  freezing  temperature 
upon  compressive  strength. 


4.  Two  beams  (10  cubes)  were  exposed  at  I  S°F  3  hours  after  casting.  The  beams  were  covered 
with  damp  burlap  until  placed  at  IS^F. 

5.  Two  beams  ( 1 0  cubes)  were  exposed  at  15°F  24  hours  after  casting.  The  beams  were  placed 
at  room  temperature  (70°  ±3°F)  and  90-1  (X)%  relative  humidity  until  exposed  at  1 5°F. 

Two  cubes  from  each  of  the  five  exposures  were  tested  in  compression  at  3, 7  and  28  days  age.  Fro¬ 
zen  cubes  were  thawed  for  two  hours  at  room  temperature  prior  to  breaking. 

Compressive  strength  test  results  are  shown  in  Table  IX.  These  results,  also  shown  graphically 
in  Figure  1 ,  indicate  that  concrete  containing  reg-set  cement  exhibits  the  following  properties: 

1 .  Concrete  ingredients  initially  stored  at  35  to  40°F,  mixed  and  molded  at  73°F,  and  placed  at 

1 5°F  immediately  after  casting  had  a  three-day  strength  of  slightly  less  than  1000  psi  and  con¬ 
tinued  to  gain  strength  while  exposed  at  1 5°F. 

2.  The  longer  the  mixture  remains  above  freezing  before  exposure  to  1S°F  the  greater  the  sub¬ 
sequent  28-day  strength. 

3.  Specimens  exposed  at  70°  i3°F  until  24  hours  old  then  exposed  at  1S°F  exhibited  almost  as 
much  strength  after  seven  days  age  as  companion  specimens  exposed  at  70°  t3°F  for  the  full 
time. 

4.  The  28-day  strengths  of  all  specimens  kept  at  70°  i3°F  1 , 3  and  24  hours  before  exposure  at 
1  S°F  were  almost  as  great  as  those  of  specimens  exposed  at  70°  ±3°F  for  the  full  time . 

5.  Specimens  exposed  to  70°  ±3°F  due  to  slight  delays  before  freezing  at  I  S°F  gained  strength 
slower  than  control  specimens,  but  at  28  days  age  were  practically  as  strong  as  the  specimens 
exposed  at  70°  ±3°F  for  the  full  time.  Specimens  exposed  to  IS°F  immediately  after  casting 
had  60%  of  the  control  specimens'  strength  at  28  days  age. 
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Table  IX.  Effect  of  time  of  low  temperature  exposure  upon 
compressive  strength. 

Storage  Specimen  Compreatve  ttrtngth,  pti 


condition 

n<K 

3  days 

7  days 

28  da  ys 

I  $°F  immediately 

1 

890 

980 

2070 

after  casting 

2 

920 

1120 

1780 

Average 

910 

1050 

1930 

1  5°  K  1  hr  after 

1 

1770 

2130 

3150 

casting 

2 

IS60 

2120 

3210 

Average 

1670 

2120 

3180 

1  5°  K  3  hr  after 

1 

1950 

2200 

3120 

casting 

2 

1780 

2200 

3280 

Average 

I860 

2200 

3200 

1  24  hr  after 

1 

2100 

3350 

3340 

casting 

2 

2040 

2770 

3220 

Average 

2070 

3060 

3280 

70°  *  3°  F  and 

1 

3060 

3270 

3040 

40-100%  humidity 

2 

3280 

3130 

3540 

Average 

3170 

3200 

=3290 

Effect  of  specimen  thickness  on  heat  of  hydration  and  strength 

As  discussed  pieviously,  one  criterion  for  the  placement  of  concrete  in  arctic  regions  is  that  tlie 
hydration  heat  should  not  melt  the  subgrade  or  permafrost.  To  investigate  the  temperature  buildup 
in  the  concrete  caused  by  hydration  and  the  transfer  of  heat  to  the  subgrade,  four  test  slabs  were 
cast.  The  slabs  were  20  x  20  in.  s<iuare,  with  one  being  3  in.  thick,  two  6  in.  thick,  and  one  12  iti. 
thick.  Tour  inches  of  sand  was  compacted  in  the  bottom  of  each  mold  to  represent  the  subgrade, 
except  for  one  mold  which  had  no  sand  base.  The  molds  and  sand  were  brought  to  I5°F  prior  to 
placing  concrete  in  them.  A  thermocouple  for  monitoring  temperature  was  placed  in  the  vertical 
and  horizontal  center  of  eac.i  concrete  slab.  A  second  thermocouple  was  placed  at  the  depth  of 
I  in.  in  the  sand  layer  beneath  the  concrete  slab  and  at  the  same  horizontal  location. 

The  storage  and  testitig  procedure  was  as  follows: 

1.  One  20-  x  20-  x  6-in.  test  slab  was  placed  at  70°  ±3°F  and  90  to  100'/?  relative  humidity 
immediately  after  casting.  This  mold  did  not  have  a  sand  base. 

2.  All  other  slabs  were  placed  at  1 5“F  immediately  after  casting. 

3.  The  temperature  in  both  the  concrete  and  the  sand  beneath  was  recorded  until  the  ambient 
temperature  was  reached  for  all  slabs  exposed  at  1 5°F,  but  measurements  up  to  the  ambient 
temperature  were  made  only  in  the  concrete  for  the  slab  exposed  at  70°  ±3°F. 

4.  At  seven  days  age  the  molds  were  stripped  and  the  slabs  sawed  into  cubes.  The  12-in.-thick 
slab  was  sawed  horizontally  into  two  6-in.-thick  slabs,  which  were  in  turn  sawed  into  6-  x 

X  6-in.  cubes.  The  6-in.  slabs  were  also  sawed  into  6-  x  6-  x  6-in.  cubes,  and  the  3-in.  star 
was  sawed  into  3-  x  3-  x  3-in.  cubes.  Cubes  were  broken  in  vuinpression  at  8  and  28  days  age. 

Compressive  strength  results  of  cubes  uwed  from  the  sla!  .s  are  shown  in  Table  X  and  Figure  2. 
Compressive  strengths  were  greater  in  the  thicket  slabs.  The  strengths  of  specimens  from  the  bottom 
6  in.  of  the  12-in.  slab  exposed  at  1S°F  were  greater  at  8  and  28  days  than  specimens  from  the  6-in. 
slab  exposed  at  70°  ±3°F;  however,  strengths  of  specimens  from  the  top  6  in.  of  the  12-in.  slab  were 
slightly  lower  than  the  28-day  old  specimens  exposed  to  70°  t3°F. 


Compressive  Strength,  psi 
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^Line  'slab  Thickness! inches)  |  Storoge  Temp(*F) 

.  A  12  (bottom)  15 

B  6  TO 

C  12  (top)  15 

,06  15 

E  '  3  ,  15 


Figure  2.  Fjfect  of  stab  thickness  on  compressive  strength. 


Table  X.  Compressive  strength  of  rubes  sawed  from 
temperature  study  concrete  slabs. 


Slab 

thickness 

(in.) 

Storage 

condition 

Specimen 

no. 

Compressive 
strength  (psi) 

8  days  28  days 

3 

1  S°l'  immediately 

1 

950 

2100 

after  casting 

2 

1550 

1620 

3 

1790 

2460 

Average 

1430 

2060 

6 

1  S°  F  immediately 

1 

2550 

2520 

after  casting 

2 

2470 

2850 

Average 

2510 

2680 

12 

1  S°  K  immediately 

IT* 

3940 

4290 

after  casting 

2T* 

2950 

3390 

Average 

3440 

3840 

IBt 

3570 

5040 

2Bt 

3810 

4630 

Average 

3810 

4840 

6 

70*  1 3°  F  and 

I 

.  3040 

4170 

90-100%  humidity 

3 

3760 

5280 

Average 

3400 

4730 

*  Sewed  from  top  6  in.  of  stab, 
t  Sawed  from  bottom  6  in.  of  slab. 
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Table  XI.  Temperature  rise  in  concrete  slabs  of  various  thicknesses 
and  transfer  of  temperature  to  a  sand  base. 


Hr  min 

0  in.  tlab 

70°  tfr 

6-in.' slab 
is!' F  storage 

1 2-in.  slab 
is" F  storage 

J  in.  slab 

15^!'  storase 

storage 

Concrete 

Sand 

Concrete 

Sand 

Concrete 

Sand 

0 

35.0 

35.0 

30.0 

35.0 

30.0 

35.0 

30.0 

20 

51.0 

43.0 

35.0 

52.5 

37.0 

J7.0 

36  0 

40 

61.0 

52.0 

41.5 

64.0 

42.0 

41.5 

41.0 

1  00 

63.0 

57.0 

45.0 

66.5 

47.0 

44.5 

42.0 

1 :20 

64.5 

58.0 

47.0 

68.0 

49.0 

46.5 

42.5 

1  :40 

65.5 

57.5 

50.0 

69.0 

50.5 

46.0 

43.0 

2:20 

67.5 

56.5 

52.0 

68.5 

52.0 

43.0 

43.5 

2:40 

68.0 

55.5 

SI.S 

68.0 

53.5 

40.5 

43.0 

3:00 

69.0 

55.0 

51.0 

68.0 

54.5 

39.0 

40.0 

3:20 

70.0 

54.0 

51.0 

67.5 

55.0 

37.5 

38.0 

3:40 

70.5 

53.5 

50.5 

67.5 

56.0 

37.0 

38.0 

4:00 

71.0 

52.5 

50.5 

67.0 

56.0 

37.0 

37.0 

4:20 

71.5 

52.0 

50.0 

66.5 

56.5 

36.5 

37.0 

4:40 

72.0 

51.0 

49.0 

66.0 

56.5 

35.5 

36.0 

5:00 

72.5 

50.5 

48  5 

66.0 

57.0 

34.5 

35.5 

6:00 

73.4 

48.0 

48.5 

64.0 

56.5 

31.5 

33.0 

7:00 

74.1 

45.0 

46.5 

61.5 

56.0 

30.5 

31.0 

8:00 

74.6 

42.5 

41.5 

59.5 

55.0 

29.0 

29.5 

4:00 

75.0 

40.5 

40.0 

57.5 

53.5 

28.0 

28.5 

10:00 

75.1 

38.5 

38.0 

55.0 

52.5 

27.0 

27.0 

1  1  :00 

75.2 

36.5 

36.0 

53.0 

50.5 

26.5 

27.0 

12:00 

75.3 

35.0 

34.5 

SI.S 

49.5 

26.0 

26.0 

1  3:00 

75.5 

33.5 

33.0 

49.0 

48.0 

26.0 

26.0 

14:00 

75.3 

32.0 

31.5 

47.5 

46.5 

25.5 

25.5 

15:00 

75.2 

31.0 

30.5 

46.0 

45.5 

25.0 

25.0 

16:00 

75.1 

29.5 

29.0 

44.5 

44.0 

24.0 

24.0 

17:00 

75.1 

28.5 

28.5 

43.0 

42.5 

23.5 

23.5 

18:00 

75.0 

28.0 

27.5 

42.0 

41.0 

23.0 

23.0 

14:00 

75.0 

27.5 

27.0 

40.5 

40.5 

23.0 

23.0 

20:00 

75.0 

26.5 

26.0 

39.5 

39.5 

22.5 

22.5 

21  :00 

75  0 

26.5 

26.0 

38.0 

38.0 

22.0 

22.0 

22:00 

75.0 

26.0 

25.5 

37.5 

37.5 

21.5 

21.5 

23:00 

75.5 

26.0 

25.5 

37.0 

36.5 

21.5 

2  1.5 

24:00 

76.0 

25.5 

25.0 

36.0 

35.0 

21.0 

21.0 

25:00 

76.5 

25.0 

24.5 

35.0 

34.5 

20.5 

20.5 

26:00 

77.0 

24.5 

24.0 

34.5 

33.5 

20.0 

20.0 

27:00 

77.0 

24.0 

23.5 

3  3.0 

32.5 

19.0 

19.0 

28:00 

77.5 

23.5 

23.0 

32.5 

31.5 

18.5 

18.5 

29:00 

78.0 

2  3.0 

22.5 

32.0 

31.0 

18.0 

18.0 

30:00 

78.5 

23.0 

22.5 

31.0 

30.5 

17.5 

17.5 

31 :00 

79.0 

22.5 

22.0 

30.0 

29.5 

17.0 

17.0 

32:00 

79.0 

22.0 

21.5 

29.0 

28.5 

16.5 

16.5 

36:00 

79.5 

20.0 

20.0 

26.0 

26.0 

14.5 

14.5 

42:00 

78.0 

17.5 

17.5 

24.0 

24.0 

12.5 

13.5 

48:00 

75.5 

16.0 

16.0 

21.0 

21.0 

1  3.0 

13.0 

54:00 

73.5 

ISO 

15.0 

19.0 

19.0 

13,0 

13.0 

60:00 

•  71.5 

14.0 

14.0 

17.5 

17.5 

12.0 

12.0 

66:00 

70.5 

13.0 

13.0 

16.5 

16.5 

12.0 

12.0 

72:00 

70.0 

13.0 

13.0 

15.5 

15.5 

12.0 

12.0 

78:00 

69.5 

13.0 

13.0 

15.0 

15.0 

12.0 

12.0 

84:00 

69.0 

I3.S 

I3.S 

14.0 

14.0 

13.0 

13.0 

90:00 

68.5 

13.0 

13.0 

14.0 

14.0 

13.0 

13.0 

96:00 

68.$ 

13.0 

13.0 

13.5 

13.5 

13.0 

13.0 

The  results  of  the  temperature  measurements  in  the  slabs  shown  in  Table  XI  and  Figures  3-d  can 
be  summarized  as  follows: 

1 .  The  temperature  in  a  6-in.  slab,  with  all  materials  at  3S°F  prior  to  mixing  and  with  an  expo¬ 
sure  temperature  of  70°  ±3°F,  rose  to  approximately  70“F  in  12  hours  and  peaked  at  79.5°F 
in  36  hours.  The  slab  temperature  then  returned  to  ambient  in  approximately  72  hours. 

f 
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T  ime.  hr 


Figure  3.  Temperature  rise  in  6-in.  slab  exposed  at  70°  ±3°F. 


Ttme.  hr 


Figure  4.  Temperature  rise  in  d-iVi.  slab  and  sand  base  exposed 
at  I5°F 


Temf,  hr 


Figure  5.  Temperature  rise  in  12-in.  slab  and  sand  base  exposed 
at  IS’F. 
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'  C'enlet  of  concrete  slab 
•  I  in.  beneath  concrete 
slab  in  land  bedding. 


i  ~L  x_l-  1  _L.  *.J  i  .1  X 

?4  56  48  60  72  04  96 

Time,  hf 


Figure  6.  Temperature  rise'  in  a  3-in.  slab  and  in  sand  base  exposed 

at  IS^F. 


2.  The  temperature  in  the  6-in.  slab  exposed  at  1S°F  imntediately  after  mixing  peaked  at  58°F 
at  1  houf  20  minutes.  Ambient  temperature  was  reached  in  approximately  38  hours.  The 
temperature  in  the  sand  base  peaked  at  S2°F  at  2  hours  20  minutes  and  reached  the  slab 
temperature  at  6  hours. 

3.  The  temperature  in  a  12-in.-thick  slab  exposed  at  15“F  peaked  at  69“F  at  1  hour  40  minutes 
and  reached  ambient  in  about  84  hours.  The  temperature  in  the  sand  base  underneath  peaked 
at  57°F  at  five  hours  and  reached  the  temperature  of  the  slab  at  approximately  1 5  hours. 

4.  The  temperature  in  the  3-in.  slab  peaked  at  46.5°F  at  1  hour  20  minutes  and  reached  ambient 
at  about  36  hours.  The  temperature  in  the  sand  base  [leaked  at  43.5°F  at  2  hours  20  min¬ 
utes  and  also  reached  the  temperature  of  the  slab  at  that  time. 

Effect  of  retarder  and  water/cement  ratio  on  conaete 
containing  regulated-set  cement 

Three  batches  of  concrete  were  mixed.  All  materials  were  at  35“F  immediately  prior  to  mixing 
and  were  exposed  at  different  temperatures  afterward.  Sixteen  6-  x  6-  x  6-in.  cubes  were  cast  from 
each  batch.  The  three  batches  were  as  follows: 

1.  Batch  I.  The  same  mixture  was  used  as  in  the  Effect  of  Age  When  Frozen  and  Effect  of 
Specimen  Thickness  phases,  except  this  was  a  3-ft*  mixture.  This  mixture  had  a  slump  of 
2Win. 

2.  Batch  2.  The  same  as  Batch  I  except  that,  while  the  water/cement  ratio  was  held  the  same  as 
Batch  I ,  the  water  and  cement  content  was  increased  to  obtain  a  slump  of  4Vi  in.  The  cement 
was  increased  25  Ib/yd^  with  a  corresponding  increase  in  the  water. 

3.  Batch  3.  All  mixture  weights  were  the  same  as  Batch  1  except  a  retarder  (commercial  grade 
citric  acid)  was  added  in  the  amount  of  454  g/yd^ .  Earlier  tests  had  indicated  that  ihis 
amount  would  delay  the  initial  setting  time  of  this  regulated-set  cement  mixture  to  I  hour 
12  minutes  and  final  set  to  I  hour  21  minutes.  The  slump  was  S!4  in.  and  air  content  9.5%. 

The  effects  of  retarder  and  water/content  ratio  on  reg-set  cement  are  shown  in  Figures  7  and  8  and 
in  Table  XII. 
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Figure  7.  Fjfect  of  storage  temperature  and  retarder. 
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Figure  8.  Fffec*  of  storage  temperature  and  slump. 

The  results  indicate  the  following: 

I  •  The  addition  of  retarder  reduces  the  compressive  strength  of  concrete  cubes  through  28  days 
Igc.  This  is  true  both  for  cubes  stored  at  70°F  and  at  I  S^F.  The  reduction  was  in  the  order 
of  1 3  to  19%.  The  addition  of  the  retarder  while  holding  a  constant  water /cement  ratio  in¬ 
creased  the  slump  from  2M  in.  (no  retarder)  to  SV*  in.  It  could  be  lurmiied  that  strengths 
would  not  have  been  reduced,  at  least  to  the  extent  noted,  if  the  water  content  in  the  retarded 
mixture  had  been  reduced  to  obtain  a  dump  of  2Vi  in. 
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Table  XII.  Effect  of  retarder  and  dump  on  reg-set  cement. 


Batch 

no. 

V'ariabtf 

Storage 

condition 

Specimen 

no. 

1  day 

Compressive  strength,  psi 

J  days  7  days  28  days 

1 

Slump  2  in. 

70  ±  3°  t  and 

1240 

3100 

3110 

3170 

90-100%  humidity 

2 

1220 

3170 

3200 

3820 

Averase 

1230 

3130 

3IS0 

3470 

I 

Slump  2  in. 

15° 

1 

1170 

1S70 

2130 

2690 

2 

1310 

1630 

2290 

2810 

Averase 

1240 

1600 

2210 

2750 

2 

Slump  4'/i  in. 

70  1 3°  F  and 

1 

1050 

2460 

2730 

2710 

90-100%  humidity 

2 

1120 

2270 

2470 

3000 

Average 

1090 

2370 

2600 

2850 

2 

Slump  4VS  in. 

IS° 

1 

1010 

1170 

1590 

1820 

2 

1060 

1190 

1580 

1870 

Average 

1040 

1180 

1580 

1840 

3 

Retarder 

70  ±  3°  F  and 

1 

1420 

2290 

2440 

3030 

(citric  acid) 

90-100%  humidity 

2 

1320 

2130 

2260 

3010 

Slump  SVi  in. 

Average 

1370 

2210 

2350 

3020 

J 

Retarder 

ts” 

1 

900 

1300 

1570 

2240 

(citric  acid) 

2 

960 

1320 

1620 

2220 

Slump  SI4  in. 

Average 

930 

1310 

1590 

2230 

2.  Increasing  the  slump  from  2-  to  in.  in  an  unretarded  mixture,  while  holding  the  water/ce¬ 
ment  ratio  constant,  reduced  the  compressive  strength  1 8  to  29%  at  seven  days  age  although 
the  cement  content  was  increased.  This  was  true  for  specimens  exposed  at  70  i3°F  and  com¬ 
panion  specimens  exposed  at  15°F. 


CONCLUSION 

The  results  of  this  investigation  indicate  that  concrete  containing  regulated-set  cement  will  gain 
strength,  even  when  unprotected,  when  placed  at  temperatures  as  low  as  1 5°F.  This  is  accomplished 
because  the  chemical  reaction  between  the  cement  and  water  is  accelerated  and  hydration  heat  is 
generated  almost  immediately  after  the  mixing  of  cement  and  water.  This  heat  generation  sustains 
temperatures  within  the  mixture  above  freezing  long  enough  for  considerable  strength  buildup. 

The  following  factors  affect  strength  development  of  concrete  containing  regulated-set  cement 
when  freshly  mixed  and  exposed  unprotected  at  I5°F. 

1 .  The  age  of  the  concrete  when  placed  at  l.'>°F.  The  longer  the  mixture  remains  above  freezing 
before  exposure  the  greater  the  subsequent  strength  gain.  The  mixtures  tested,  however,  will 
gain  considerable  strength  even  when  exposed  to  I  S^F  immediately  after  mixing,  and  when 
protected  as  long  as  an  hour  after  mixing  before  exposing  at  1 5°F,  will  exhibit  almost  as  much 
strength  at  28  days  age  as  specimens  exposed  at  70°  ±  3°F  for  the  full  time. 

2.  Thickness  of  section.  The  heat  development  in  3-,  6- and  1 2-in.-thick  slabs  exposed  at  I5°F 
immediately  after  casting  rose  to  46.5°,  58°  and  69°F,  respectively,  in  1  to  2  hours  and  then 
dropped  off,  indicating  enough  internal  heat  was  generated  to  sustain  hydration.  This  heat, 
however,  would  melt  permafrost  1  in.  below  the  slabs.  A  1 2-in.-thick  slab  exposed  at  1 5°F 
will  obtain  almost  as  much  strength  as  a  slab  exposed  at  70°  ±  3°F  for  the  full  time. 
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3  The  use  uf  citric  acid  as  a  retarder  tu  delay  the  setting  time  to  one  to  two  hours  also  decreased 
the  strength  of  specimens  exposed  at  both  IS^F  and  70°  ±  3°F  by  19  and  13%,  respectively. 
The  slump,  however,  was  increased  by  the  retarder.  If  the  water  had  been  reduced  to  obtain 
the  slump  of  the  unretarded  companion  mixture,  the  strength  reduction  would  probably  not 
have  been  as  great. 

4.  Increasing  the  slump  from  2  to  4'A  in.,  by  increasing  the  cement  content  but  keeping  the 
water/cenient  ratio  constant,  decreased  the  7-day  strength  of  specimens  exposed  both  at 
70°  1  3°  I-  and  15°  I-  by  18  and  29%,  respectively. 

The  finding  that  a  1 2-in.  slab  exposed  at  I  S°F  will  obtain  almost  as  much  8-  and  28-day  strength 
as  a  6-in.  slab  exposed  at  70°  ±  3°F  for  the  full  time  can  possibly  be  explained  as  follows.  The  1 2-in. 
slab  contains  enough  hydrating  cement  to  generate  large  amounts  of  heat  during  hydration.  The 
high  heat  generation  elevates  the  temperature  to  a  level  above  the  freezing  point  and  creates  an  en¬ 
vironment  conducive  to  continued  hydration.  This  in  turn  results  in  an  increase  in  the  strength  of 
the  concrete.  The  amount  of  strength  developed  apparently  parallels  that  of  concrete  cured  con¬ 
tinuously  at  70° F. 


RECOMMENDATIONS 

In  order  to  develop  sufficient  supplemental  background  and  additional  criteria  necessary  for  the 
implementation  uf  regulated-set  cement  in  cold  weather  concreting  operations,  it  is  recommended 
that  the  following  tasks  be  undertaken: 

1 .  Synthesis  o)  field  experience.  Regulated-set  cement  concrete  has  been  used  by  the  civilian 
sector  for  a  number  of  years  for  activities  ranging  from  highway  patching  and  slipformed 
tunnel  lining  to  cast-in-place  roof  decking.  Various  agencies,  organizations,  and  individuals 
involved  with  these  applications  should  be  located,  contacted,  and  a  compilation  of  their 
experiences  made.  A  detailed  documentation  should  be  made  of  selected  projects  and  it 
should  include  such  information  as  field  construction  problems  (as  related  to  reg-set  use), 
cracking,  durability  and  cost  effectiveness. 

2.  Prototype  evaluation.  A  concrete  test  slab  of  sufficient  size  and  configuration  to  produce  an 
adequate  number  of  drilled  or  sawed  test  specimens  for  evaluation  should  be  constructed  in 
order  to  validate  the  laboratory  results  contained  in  this  report.  For  comparison  purposes, 
cast  cylinders  and  beams  should  also  be  made.  Construction  should  take  place  in  a  location 
where  the  ambient  temperature  is  1S°F  or  lower.  A  suitable  location  would  be  at  the  U.S. 
Army  Cold  Regions  Research  and  Engineering  Laboratory  (CRREL),  Hanover,  New  Hampshire, 
at  a  time  of  the  year  when  these  temperatures  are  prevalent.  Both  construction  procedures  and 
materials  behavior  could  be  evaluated  by  this  project. 
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APPENDIX:  RECOMMENDATIONS  FOR  REMOVAL  OF  FORMS 
AND  SHORES  AT  LOW  TEMPERATURES 
(From  ACI  Manual  of  Concrete  Practice,  Pert  1  * .) 
(Copyright  1970,  reprinted  by  permission) 


TABLE  S.1.7  —  DURATION  OF  RECOMMENDED  PROTECTION  OR 
PERCENT  OF  STRENGTH  REQUIRED.  FOR  SAFE  FINAL  REMOVAL  OF 
FORMS  AND  SHORES.  FOR  DIFFERENT  COLD  WEATHER  TEMPERATURE 


Probable  outside 
mean  daily  air 
temperature  after 
period  of 
protection* 


at  50  F  (IOC) 
With  simultaneous 
reshoring,*  days 


Percent  of 
design 
strength,  /c' 
required! 


Type  of  cement 
I  I  II  I  III 


at  70  F  (210 
With  simultaneous 
reshoring,'  days 


Percent  of 
design 
strength,  fc‘ 
required* 


Type  of  cement 

I  'PifT  Tn" 


50 

6  1 

9 

3 

1  50 

4 

3 

65  1 

1 

11 

14 

5 

65 

8 

10 

4 

23  F  to  16  F 

85 

21 

28 

16 

85 

16 

18 

(-5Ct()  9C) 

Below  16F  (-9  0 

95 

29 

35 

26 

95 

23 

24 

Field  cured  test  specimens  need  not  be  required  to  confirm  the  following 
lengths  of  protection; 

More  than  32  F  (0  C) 

32  F  to  23  F 
(OCto— 5C) 

The  following  lengths  of  protection  are  to  be  used  when  field  cured  test 
specimens  were  inadvertently  not  made  to  confirm  sufficiency  of  protection  to 
produce  safe  levels  of  strength  development: 

~  '  12 
20 

•From  availuble  S-day  and  lonjjer  forecasts, 

tSimultaneous  reshoring  means  a  construction  method  of  removing  the  horizontal  floor  or 
roof  forms  with  their  supporting  shores  in  a  partial  area  of  a  panel  and  immediately 
instaMing  adequate  reshorcs  in  the  area  where  forms  have  been  stripped.  During  this 
operation,  the  remainder  of  the  panel  shall  be  continuously  supported  by  shores  or  reshorei. 

tAs  demonstrated  from  a  suitable  number  of  acceptably  representative  Job-cured  and  ex¬ 
posed  test  specimens 

CAUTION  1  Without  careful  simultaneous  reshoring,  it  is  extremely  hazardous  in  freezing 
weather  to  remove  shores  even  temporarily  before  suitable  tests  show  conclusively  that  the 
specified  strength  has  been  obtained 

2.  The  data  in  this  table  were  derived  from  concretes  displaying  strength  of  3000  to  5000 
psi  (210  to  350  kg  per  sq  cml  after  28  days  of  curing  at  70±3  F  (21±1.67C).  This  2&-day 
strength  for  each  type  of  cement  was  considered  as  100  percent  m  determining  the  time  to 
reach  various  percents  of  this  strength  with  50  F  (IOC)  and  with  70  F  (210  curing.  Neces¬ 
sarily  these  values  are  only  approximate  and  average.  Specific  values  with  job  materials 
and  mixes  should  be  obtained 

NOTE;  Tests  indicate  that  concrete  with  some  Type  C  or  E  admixtures  (ASTM  C494)  may 
attain  required  strength  in  less  time  than  with  either  Type  III  cement  or  an  extra  sack  of 
cement,  see  Section  6  3.  Use  of  additional  cement  and  other  means  of  reducing  the  number 
of  days  of  protection  are  discussed  in  Section  5.7.  Tests  should  be  made  first  with  whatever 
strength-accelerating  materials  or  methods  are  proposed,  to  be  sure  that  anticipated  ac 
celeration  will  be  obtained. 


